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Abstract— bearing damage in modern inverter-fed AC drive 
systems is more common than in motors working with 50 or 
60 Hz power supply.  Fast switching transients and common 
mode voltage generated by a PWM inverter cause unwanted 
shaft voltage and resultant bearing currents.  Parasitic 
capacitive coupling creates a path to discharge current in 
rotors and bearings. In order to analyze bearing current 
discharges and their effect on bearing damage under 
different conditions, calculation of the capacitive coupling 
between the outer and inner races is needed. During motor 
operation, the distances between the balls and races may 
change the capacitance values.  Due to changing of the 
thickness and spatial distribution of the lubricating grease, 
this capacitance does not have a constant value and is 
known to change with speed and load.  Thus, the resultant 
electric field between the races and balls varies with motor 
speed.  The lubricating grease in the ball bearing cannot 
withstand high voltages and a short circuit through the 
lubricated grease can occur.  At low speeds, because of 
gravity, balls and shaft voltage may shift down and the 
system (ball positions and shaft) will be asymmetric.  In this 
study, two different asymmetric cases (asymmetric ball 
position, asymmetric shaft position) are analyzed and the 
results are compared with the symmetric case.  The 
objective of this paper is to calculate the capacitive coupling 
and electric fields between the outer and inner races and the 
balls at different motor speeds in symmetrical and 
asymmetrical shaft and balls positions.  The analysis is 
carried out using finite element simulations to determine the 
conditions which will increase the probability of high rates 
of bearing failure due to current discharges through the 
balls and races. 
Keywords— bearing failure, capacitive coupling, discharge 
current, shaft voltage, symmetrical and asymmetrical shaft 
position 
I. INTRODUCTION
Nowadays, modern AC motor drive systems are widely 
used in industrial and commercial applications. Due to 
rapid developments of IGBT technology, switching times 
have decreased to a fraction of a micro second and as a 
result, the switching frequency has dramatically 
increased.  Fig.1.a shows the structure of a modern power 
electronic drive consisting a filter, a rectifier, a dc link 
capacitor, an inverter and an AC motor. It also shows that 
many parasitic capacitive couplings exist which may be 
neglected in low frequency analysis but the conditions are 
completely different in high frequencies. In high 
switching frequencies, a low impedance path is created 
for the current to flow through these capacitors [1-2]. 
Fig.1.b shows the different forms of capacitive coupling 
in an induction motor, where CWR is the capacitive 
coupling between the stator winding and rotor, CWS is the 
capacitive coupling between the stator winding and 
stator, CSR is the capacitive coupling between the rotor 
and stator frame. 
In principle, all inverters generate common mode 
voltages relative to the earth ground due to coupling 
through the parasitic capacitances [1].  Fig.2 shows a 
simple equivalent circuit model of an AC motor which 
depicts the main high frequency coupling capacitances 
[2-3]. 
(a) 
(b) 
Fig.1. Capacitance coupling in an induction motor and a view of stator 
slot 
High dv/dt (fast switching transients) and common mode 
voltage generated by a PWM inverter can cause 
unwanted problems such as shaft voltage and resultant 
bearing currents [4-7]. Fig.3 shows the general structure 
of ball bearings and shaft in an AC machine.  As shown 
in this figure, there are balls between outer and inner 
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races with lubricating grease between balls and the races. 
There is a capacitive coupling between the outer and 
inner races. 
Fig.2. High frequency model of an induction motor 
During operation, the distances between the balls and 
races may change and vary the capacitance and resultant 
electric field between the races and balls.  This 
capacitance has a nonlinear relationship with load and 
speed. Lubricating grease in the ball bearing cannot 
withstand high voltages and a short circuit through the 
lubricated grease can occur.  This breakdown 
phenomenon can be modeled as a switch. 
(a) 
(b)                                          (c) 
Figure.3. (a) General structure of ball bearings and shaft and outer and 
inner race of an AC machine (b) a view of ball, outer and inner races 
and capacitive couplings (c) simple model of ball bearing 
This paper focuses on calculation of capacitive coupling 
between ball bearing and inner and outer races using 
finite element simulations to analyze the probability of 
increased bearing failure rates under different conditions. 
II. DISCHARGE CURRENT PATHS BY CALCULATION OF 
CAPACITIVE COUPLINGS  FIGURES AND TABLES
2-D Finite element simulations are carried out based on 
the proposed structure in order to calculate capacitive 
coupling terms between the inner and outer races and 
balls in low and high speeds in symmetrical and 
asymmetrical positions.  For the test case bearing as 
shown in Fig.3, there are 15 balls with the diameter of 20 
mm, shaft diameter is 80 mm and three ranges of 1mm, 
0.1mm, 0.01mm oil thickness were simulated. The 
objective of the simulation is to calculate the electric 
fields between the outer race and balls (dBO) and between 
the inner race and balls (dBI) at different motor speeds 
which cause symmetrical and asymmetrical shaft and ball 
positions. Analyses are carried out in order to determine 
the conditions under which the probability of bearing 
failure rate due to discharging current through the balls 
and races are very high.  Several conditions are simulated 
based on balls and shaft positions in low and high speeds.  
A. SymmetricCase 
At high speed, balls and shaft positions are considered 
symmetric and the distances between the inner race and 
balls (dBI) and between outer races and balls (dBO) are 
assumed to be equal. Also the shaft position is not 
changed and the shaft and outer race are concentric.  
Table I shows the capacitive coupling between the inner 
and outer races and the ball, the electric field in the area 
between the inner race and ball (EBI) and the outer race 
(EBO) assuming a typical 100 volts voltage across the 
races.  
TABLE I. CAPACITIVE COUPLING TERMS, VOLTAGE AND ELECTRIC 
FIELDS IN THE SYMMETRIC CASE 
dBO 
 (mm) 
dBI 
(mm) 
CBO 
(nF) 
CBI  
(nF) 
EBO  
(V/mm) 
EBI 
(V/mm) 
0.5 0.5 1.010 0.807 88.87 111.13 
0.05 0.05 3.540 2.890 899.47 1100.53 
0.005 0.005 11.300 9.020 8881.72 11118.28 
As depicted in Fig.4, if a short circuit (breakdown) 
occurs, then a discharge current will be divided into 
several paths and the probability of bearing damage is 
decreased. 
Fig.4. Possible discharge current paths in the symmetric case
B. Asymmetric case  
At low speeds, because of gravity, balls and shaft may 
shift down and the system (balls position and shaft) will 
be asymmetrical. In this study, two different cases 
(asymmetric ball positions, asymmetric shaft position) are 
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analyzed.  Fig.5 shows these two types of asymmetries. 
As shown in Fig.5.a, in this asymmetric case, the upper 
and lower side balls are shifted down because of gravity 
but the separations between the inner and outer races with 
other balls can approximately be considered as 
symmetric. As shown as in Fig.5.b, at lower speeds, an 
asymmetric shaft position may occur, which is more 
common than other cases. 
(a) 
(b) 
Fig.5. Asymmetric (a) ball positions (b) shaft position 
•Asymmetric ball positions 
As shown in Table. II, several distances are simulated to 
compare the capacitive couplings (CBO, CBI) and electric 
fields (EBO, EBI) for each of them. Simulations are carried 
out for oil thicknesses of 1mm, 0.1mm, and 0.01mm. As 
shown in Fig.6.a, in the asymmetrical balls case, balls 
come down and the region between the upper ball and 
shaft (see Fig.6.b) and the lower ball and shaft (see 
Fig.6.c) are more important than other areas. 
From the results in Table II, the electric field is increased 
when dBI or dBo are decreased but the electric field 
between the inner race and upper ball (E) is more than the 
electric field between the outer race and lower ball (E') 
for the same rate of change in distances.  The capacitive 
coupling terms and resultant electric fields for 
dBI1=dBO2=0.001 mm & dBI2=dBO1=0.009 mm as shown in 
Table III.  However dBO2 & dBI1 are equal, because of 
different positions of balls and races (which is shown in 
Fig.6.b&c), capacitive coupling terms and electric fields 
are different (EBI1 is 50% more than EBO2). 
TABLE II. CAPACITIVE COUPLING TERMS AND ELECTRIC FIELDS IN AN 
ASYMMETRICAL BALL POSITION
Oil 
Thickness 
(mm) 
dBO 
(mm) 
dBI 
(mm) 
CBO 
(nF) 
CBI 
(nF) 
EBO 
(V/mm) 
EBI 
(V/mm) 
1 0.1 0.9 2.490 0.616 198.71 89.03 
1 0.3 0.7 1.400 0.710 111.97 94.87 
1 0.5 0.5 1.010 0.807 88.86 111.13 
1 0.7 0.3 0.893 1.130 79.82 147.08 
1 0.9 0.1 0.778 2.020 80.21 278.05 
0.1 0.01 0.09 7.760 2.130 2155.97 871.56 
0.1 0.03 0.07 4.570 2.430 1157.93 932.31 
0.1 0.05 0.05 3.540 2.890 899.46 1100.53 
0.1 0.07 0.03 2.980 3.750 796.03 1475.91 
0.1 0.09 0.01 2.620 6.530 792.73 2865.36 
0.01 0.001 0.009 26.200 6.890 20821.87 8797.57 
0.01 0.003 0.007 13.100 7.800 12443.87 8952.63 
0.01 0.005 0.005 11.300 9.020 8881.72 11118.28 
0.01 0.007 0.003 9.140 11.800 8048.07 14554.51 
0.01 0.009 0.001 8.150 18.700 7736.50 30371.47 
TABLE III. CAPACITIVE COUPLING TERMS AND ELECTRIC FIELDS IN OIL 
THICKNESS OF 0.001 MM
ball Oil
Thickness 
(mm) 
dBO
(mm) 
dBI 
(mm) 
CBO
(nF) 
CBI 
(nF)   
EBO  
(V/mm) 
EBI 
(V/mm) 
1 0.01 0.009 0.001 8.150 18.700 7736.50 30371.47
2 0.01 0.001 0.009 26.20 6.890 20821.87 8797.57
Thus, increasing the electric field between inner race and 
balls at upper side will create a path to discharge current. 
In other words, if a short circuit (breakdown) occurs at 
these balls, the probability of dividing the discharge 
current into other paths will decrease and the upper ball 
near the inner race (ball 1 in Fig.6.a) is the highest 
probability candidate to create a path for discharging 
current.  If the voltage breakdown occurs, a bearing 
damage problem could occur at this area (position A in 
Fig.7).  If the damage occurs at this position, the same 
problem will happen at the distance between ball and 
outer race (position A' in Fig.7).  
•Asymmetric shaft position 
An asymmetry in the shaft position is analyzed via 
simulations.  The simulations are carried out to find the 
capacitive coupling terms and electric field in three 
separation ranges: 1mm, 0.1mm, and 0.001mm.  In this 
case, shaft position is shifted down corresponding to 
20%, 40% and 60% grease thickness.  Table IV shows 
the capacitive coupling terms, voltage and electric fields 
with respect to different variables associated with the 
balls position assuming the inner and outer distances in 
each side are equal.  
(a) 
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(b)                                    (c) 
Fig 6. (a) Asymmetric ball positions (b) upper side ball (c) lower 
side ball 
TABLE IV. CAPACITIVE COUPLING TERMS AND ELECTRIC FIELDS IN AN 
ASYMMETRIC SHAFT POSITION
Shift 
in Shaft center 
(mm) 
dBO 
(mm) 
dBI 
(mm) 
CBO 
(nF) 
CBI  
(nF) 
EBO  
(V/mm) 
EBI 
(V/mm) 
0.2 0.4 0.4 1.21 0.967 111.21 138.79 
0.4 0.3 0.3 1.41 1.130 148.54 184.79 
0.6 0.2 0.2 1.74 1.400 223.22 276.78 
0.02 0.04 0.04 4.01 3.240 1117.02 1382.99 
0.04 0.03 0.03 4.64 3.750 1489.93 1843.40 
0.06 0.02 0.02 5.71 4.610 2233.12 2766.88 
0.002 0.004 0.004 13.20 9.960 10767.64 14232.36 
0.004 0.003 0.003 17.90 10.200 12121.21 21212.12 
0.006 0.002 0.002 24.10 11.600 16308.64 33691.36 
Fig.7. Discharge current paths for asymmetric ball positions 
Fig.8. Capacitive coupling terms between upper and 
lower balls and races for an asymmetric shaft position 
According to simulation results, electric field between the 
lower ball (ball 2 in Fig.8) and the inner race is more than 
other separations.  In other words, if a breakdown occurs 
in this area, the probability of division of the discharge 
current into other paths will decrease and ball 2 is the 
highest probability candidate to create a path for the 
discharge current.  In this case, the distance between ball 
1 and the races is more than the distance between ball 2 
and races.  Thus, capacitance and the resultant electric 
field in the upper side is less than in the lower side 
(E1<E2 as shown in Fig.8). In the lower side, because of 
different positions of ball 2 and the races, the electric 
field is different while the distance between ball and races 
are the same (for instance, at dBI2=dBO2=.002 mm, EBI2 is 
40% more than EBO2).  As shown in Fig.9, if the 
breakdown voltage is exceeded, a bearing damage 
problem may occur at this area (position C in Fig.9).  If 
the damage happens at this position, the same problem 
will happen at the distance between ball and outer race 
(position C' in Fig.9).  This may cause multiple bearing 
damage sites. 
.
Fig.9. Probable discharge current paths for an asymmetric 
shaft position 
III. CONCLUSIONS
Based on the simulation and analysis which are 
presented in this paper, during motor operation, the 
distances between the balls and races may change the 
capacitance values. At a high speed, balls and shaft 
positions are considered symmetrical and the distances 
between the inner race and balls (dBI) and between outer 
races and balls (dBO) are assumed to be equal. Also the 
shaft position is not changed and the centers of the shaft 
and the outer race are the same (symmetrical position). In 
a low speed case, because of gravity, balls and shaft 
voltage may shift down and the system (balls position and 
shaft) will be in an asymmetric shape. In this study, two 
different asymmetric cases (asymmetric ball positions, 
asymmetric shaft position) are analyzed and the results are 
compared with the symmetrical case to determine the 
probability of bearing damage. Several distances are 
simulated to compare the capacitive couplings between 
ball bearing and inner and outer races (CBO, CBI) and 
electric fields (EBO, EBI) for each of them. Simulations are 
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carried out for oil thicknesses of 1mm, 0.1mm, and 
0.01mm for both symmetrical and asymmetrical cases to 
determine the conditions which will increase the 
probability of high rates of bearing failure due to current 
discharges through the balls and races. 
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